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CRISPR Correction of a Homozygous
Low-Density Lipoprotein Receptor
Mutation in Familial Hypercholesterolemia
Induced Pluripotent Stem Cells

Linda Omer (9,2 Elizabeth A. Hudson,” Shirong Zheng," James B. Hoying," Yuan Shan,* and Nolan L. Boyd"*

Familial hypercholesterolemia (FH) is a hereditary disease primarily due to mutations in the low-density lipoprotein receptor
(LDLR) that lead to elevated cholesterol and premature development of cardiovascular disease. Homozygous FH patients
(HoFH) with two dysfunctional LDLR alleles are not as successfully treated with standard hypercholesterol therapies, and more
aggressive therapeutic approaches to control cholesterol levels must be considered. Liver transplant can resolve HoFH, and hepa-
tocyte transplantation has shown promising results in animals and humans. However, demand for donated livers and high-
quality hepatocytes overwhelm the supply. Human pluripotent stem cells can differentiate to hepatocyte-like cells (HLCs) with
the potential for experimental and clinical use. To be of future clinical use as autologous cells, LDLR genetic mutations in
derived FH-HLCs need to be corrected. Genome editing technology clustered-regularly-interspaced-short-palindromic-repeats/
CRISPR-associated 9 (CRISPR/Cas9) can repair pathologic genetic mutations in human induced pluripotent stem cells. Con-
clusion: We used CRISPR/Cas9 genome editing to permanently correct a 3-base pair homozygous deletion in LDLR exon 4 of
patient-derived HoFH induced pluripotent stem cells. The genetic correction restored LDLR-mediated endocytosis in FH-
HLCs and demonstrates the proof-of-principle that CRISPR-mediated genetic modification can be successfully used to normal-
ize HoFH cholesterol metabolism deficiency at the cellular level. (Hepatology Communications 2017;1:886-898)

Introduction

receptor (LDLR). Familial hypercholesterolemia (FH)

isks for the development of cardiovascular dis- is an autosomal dominant disease causing extremely
ease (CVD) include lifestyle choices and envi- ~ elevated low-density lipoprotein-cholesterol (LDL-C)
ronmental factors, but a subgroup of the and premature CVD."* Over 1,200 LDLR muta-

population develop early CVD primarily due to inher-  tions have been identified that lead to a wide spectrum
itable genetic mutations in the low-density lipoprotein  of disease severity depending on the mutation’s effect
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on LDLR activity.>) Patients with receptor-defective
homozygous FH (HoFH), which can be a true homo-
zygous or compound heterozygous mutation (both
referred to as homozygous, 1:250,000) have <2%
LDLR activity and are generally nonresponsive to
standard hypercholesterol ~therapies,®” relying on
more aggressive costly approaches, such as weekly/
biweekly lipid apheresis.® Transplantation of a normal
liver in patients with HoFH has shown to restore nor-
mal LDL-C levels; however, the most severely affected
patients can present as adolescents in their first
decade.™ Because of the shortage of donated organs

and delayed clinical identification, 19 patients with

HoFH often have already developed severe CVD and
may additionally require heart transplant. Therefore,
mitigating the effects of genetically induced hypercho-
lesterolemia at the earliest time possible is critical for
these patients.

Because of the multiple clinical challenges related to
HoFH cholesterol regulation, alternative approaches for
providing therapy are being investigated. Hepatocyte
cell transplantation could be an option, but as with solid
liver organs, there is a shortage of high-quality hepato-
cytes. Because FH is a monogenic disease, it has long
been the target of gene therapy, which has shown prom-
ise in animal models™™ but with mixed results in
humans.™ The discovery of cellular reprogramming to
generate patient-specific induced pluripotent stem cells
(iPSCs) presents the potential for generating unlimited
autologous therapeutic cells.*® iPSCs have been gener-
ated from FH patients,"”” but the LDLR genetic
mutations are retained and require modifications for
receptor-mediated ~ LDL-C  internalization.**?
Genome editing system clustered-regularly-interspaced-
short-palindromic-repeats/Cas-associated 9 (CRISPR/
Cas9) is a relatively simple technology capable of per-
manent genetic modifications and has been used to per-
manently repair endogenous disease-causing genetic
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mutations in other disease states.?*?? Although many
cell types could be used for correction with CRISPR, an
advantage of correcting at the iPSC level is the theoreti-
cal unlimited expansion postcorrection of iPSCs with-
out concern for cell senescence and the capability to
differentiate to the cell source of choice. This is also
critical to the hepatocyte, which is well known to lose
its phenotype and poorly proliferate in culture.

As a proof-of-concept, we reprogrammed FH fibro-
blasts carrying a homozygous 3-base pair (bp) deletion
in LDLR exon 4 (GMO03040), resulting in a class 1I
mutation with <5% receptor activity (FH-Piscat-
away).?® To introduce a permanent correction, we
used Cas9 nickase (Cas9n) with paired single-guide
RNAs (sgRNAs) to generate adjacent off-set nicks in
the selected genomic target with reduction of off-
target mutations.?**> For the repair template, we
used a single-stranded oligodeoxynucleotide (ssODN)
to increase efficiency of homology-directed repair
(HDR).®*?% After double-positive transfection and
magnetic sorting of the final isolated clones, we esti-
mated an overall efficiency of homozygous correction
of 0.2%; however, enriched clones were 83% homozy-
gous corrected with this approach. The hepatocyte-like
cells (HLCs) derived from the corrected FH-iPSCs
confirmed restoration of the mature LDLR protein
and normalization of receptor-mediated LDL inter-
nalization compared to noncorrected FH-HLCs. This
demonstrates the feasibility to generate permanently
restored endogenous LDLR activity in FH-HLCs by
CRISPR technology.

Materials and Methods

CELL CULTURE

Human fetal fibroblasts (IMR90) were cultured in
Dulbecco’s modified Eagle’s medium-high glucose
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(Invitrogen, Carlsbad, CA), 2mM L-glutamine (Invi-
trogen), and 10% fetal bovine serum (Invitrogen). Cells
were maintained at 37°C and 5% CO,. Cells were pas-
saged with 0.05% trypsin-ethylene diamine tetraacetic
acid (Invitrogen). Skin fibroblasts from an FH patient
(GMO03040; Coriell Cell Repositories) were cultured in
FH growth medium comprised of minimum essential
medium (Invitrogen), 15% fetal bovine serum, 2 mM
L-glutamine, and 0.1 mM nonessential amino acids
(Invitrogen). Cells were maintained at 37°C and 5%
CO,. Cells were passaged with 0.05% trypsin-ethylene
diamine tetraacetic acid. We cultured 3040-iPSCs on
human embryonic stem cell-qualified Matrigel-coated
plates (BD Biosciences, San Jose, CA) in mTeSR1
media (STEMCELL Technologies, Vancouver, Can-
ada), with media changed daily.?” Cells were passaged
using gentle cell dissociation buffer (STEMCELL
Technologies) with 10mM ROCK inhibitor (Selleck
Chemical, Houston, TX) and maintained at 37°C and
5% C0O,.%? The human embryonic stem cell line H1
(WiCell, Madison, WI) was cultured as the iPSCs.

CRISPR EDITING DESIGN

sgRNA Design and Cloning

The Massachusetts Institute of Technology (MIT)
CRISPR Design Tool (crispr.mit.edu) was used to
design paired guides in close proximity to the 3-bp
(TGG) deletion in exon 4 of the LDLR gene
(Chr19:11,105,170-11,105,650) (5'-... TTCCACTG
CCTAAGTGGCGAGTGCATCCACTCCAGCT
GGCGCTGTGATGGTGGCCCCGACTGCAA
GGACAAATCTGACGAGGAAAACTGCGCT
GTGGCCAC-3'). We selected paired guides 1 and 9
to use with Cas9n. The guides were cloned into
pHL-H1-ccdB-mEFa-RIH  (plasmid-human  pro-
moter 1-toxin ccdB-mouse elongation factor-1 alpha-
red fluorescent protein IRES hygromycin) (#60601;
Addgene, Cambridge, MA) deposited by the Hotta
Laboratory.?V Briefly, primers were designed as
described®”; for guide-specific forward primers, 19 bp
(bases 2-20) of MIT sgRNA design were used, and
the first base pair was changed to a G to enable H1
polymerase III transcription. Infusion homology arms
(in blue; Supporting Fig. S6A) were added to the 5’
end of each primer pair to enable cloning into the vec-
tor when cut with Bacillus amyloliquefaciens H1
(BamH1) and Escherichia coli R1 (EcoRI). A polymer-
ase chain reaction (PCR) was performed using Phusion
Hot Start Polymerase (Thermo Fisher, Walton, MA)
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and either guide primer paired with sgUniversal Reverse
primer (Supporting Fig. S6A). The PCR product was
cloned into pHL-H1-ccdB-mEFa-RIH with the In-
fusion Cloning kit (Clonetech Laboratories, Inc.).
Clones were sequence confirmed with our H1-forward

primer (5-GCATGTCGCTATGTGTTCTG-3').

Cas9n-Green Fluorescent Protein Design

We obtained a humanized Streprococcus pyogenes D10A
Cas9 nickase plasmid, pHL-EFlo-SphcCas9(D10A)-iP-
A (plasmid-human elongation factor 1 alpha pro-
moter-Cas9 (D10A)-IRES Puromycin) (#60600;
Addgene), deposited by Hotta Laboratory.®" The
puromycin gene, along with a portion of the internal
ribosomal entry site, was removed by digesting with
Klebsiella pneumoniae OK8 (Kpnl) and BamH1. In-
tusion cloning was used to reinstate the missing inter-
nal ribosomal entry site sequence and concurrently
insert a green fluorescent protein (GFP) gene. The
primers for PCR are listed in Supporting Fig. S6B;
sequences in blue are infusion homology arms, while
an underlined sequence is that of GFP. The Cas9n-

GFP clone was sequence confirmed.

ssODN Design

A 157-bp antisense ssODN repair template with 50-bp
left and right homology arms was designed to insert the
missing three nucleotides (CCA) while simultaneously
adding silent mutations within the protospacer adjacent
motif (PAM) site and guide target site (57 bp) to generate
a novel Xanthomonas manihotis 7AS1 (Xmnl) restriction
site (GAATGCATTC) and prohibit further Cas9n edit-
ing by blocking the guide recognition sequence. The full
nucleotide sequence can be found in Supporting Fig. S4A.
The oligonucleotide was obtained from IDT (Coralville,
IA) as a 4-nM ultramer oligonucleotide and was not high-
performance liquid chromatography purified. The ssODN
sequence has been modified from chromosome 19, gene
NM_00527.4 corresponding to nucleotides 750-896. Fur-
ther Materials and Methods can be found in the Support-

ing Information.

Results

IDENTIFYING THE FH MUTATION
IN PATIENT FIBROBLASTS GMO03040

We acquired the FH skin fibroblasts (GM03040),
which are described as homozygous receptor defective,

from the Coriell Cell Repository (Camden, NJ), but


http://crispr.mit.edu
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1110/full
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1110/full
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1110/full
http://onlinelibrary.wiley.com/doi/10.1002/hep4.1110/full

HEPATOLOGY COMMUNICATIONS, Vol. 1, No. 9, 2017

no genetic information was provided. We initially
confirmed the inability of GMO03040 to internalize
cholesterol by culturing those fibroblasts and a
normal fibroblast control (IMR90) overnight in 5%
lipoprotein-deficient serum media supplemented with
either lovastatin or excess sterols and followed the next
morning with incubation in LDL labeled with 1,1'-
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FIG. 1. Mutation identification in HoFH fibroblasts. (A)
HoFH¢ and control fetal IMR90¢) were treated overnight in 5%
lipoprotein-deficient serum media supplemented with either lova-
statin or excess sterols. A significant amount of fluorescent Dil-
LDL was visualized in IMR90¢ treated with lovastatin that was
abrogated with excess sterols. GIM03040¢ showed impaired Dil-
LDL internalization with lovastatin treatment (scale bars,
200 um). (B) Western blot for LDLR shows IMR90¢ up-
regulate LDLR in lovastatin and suppress LDLR when exposed
to sterols. In contrast, HoFH GMO03040¢ express comparatively
little LDLR under the same conditions. (C) Sanger sequencing

revealed a homozygous three-nucleotide deletion in exon 4 of
LDLR in GM03040¢. Abbreviation: ¢, Fibroblasts.
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dioctadecyl-3,3,3',3'-tetramethyl-indocarbocyanine
perchlorate (Dil-LDL). (9 [ ovastatin inhibits 3-
hydroxy-3-methylglutaryl-coenzyme A reductase,
blocking cholesterol synthesis and leading to an up-
regulation of LDLR. The excess sterols act indepen-
dent of the LDLR, leading to a decrease in LDLR
expression. LDL binding and internalization by the
LDLR-normal IMR90 was robust in response to lova-
statin and was abrogated in the presence of excess ste-
rol treatment (Fig. 1A). In contrast, GMO03040
showed virtually no Dil-LDL binding and internaliza-
tion, even under the same lovastatin treatment condi-
tions that induced robust internalization in IMR90.
We next wanted to know if any LDLR was produced
by GMO03040. Under the same conditions for the
LDL binding and internalization assay, we collected
cell lysates for analysis by western blot (Fig. 1B). Lova-
statin treatment of IMR90 showed strong expression
of the mature LDLR protein with low expression of
the immature proteins. No LDLR protein was
detected when IMR90 cells were exposed to excess
sterols. In the GM03040, lovastatin induced low-level
LDLR expression with the greatest increase in imma-
ture LDLR protein and very little mature LDLR (Fig.
1B). Although GM03040 expresses little LDLR, even
with lovastatin treatment, excess sterols down-
regulated LDLR, indicating these FH fibroblasts are
physiologically responsive to cholesterol feedback con-
trol, as described by Brown and Goldstein.”’ Sequenc-
ing of the GMO03040 (and IMR90 control) LDLR
identified a pathologic homozygous three-nucleotide
deletion in exon 4 (c.654_656delTGG [pG219del];
Fig. 1C), reflecting a class IIB mutation known as
FH-Piscataway that results in less than 5% LDLR
activity and misfolding of immature LDLR, which is
degraded by the proteasome pathway.®*?® Together,
these data confirm the FH cell line contains a three-
nucleotide deletion in exon 4 of the LDLR, resulting
in little to no LDLR-mediated LDL internalization.

REPROGRAMMING FIBROBLASTS
TO iPSCs AND THEIR
DIFFERENTIATION INTO HLCs

Before reprogramming the parental GM03040, we
confirmed the normal karyotype (Supporting Fig.
S1A) and DNA fingerprinting (not shown). We
reprogrammed the fibroblasts to 3040-iPSCs, using a
modified synthetic messenger RNA cocktail contain-
ing octamer-binding transcription factor 4 (OCT4),
sex determining region Y-box 2 (SOX2), Kruppel-like
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factor 4 (KLF4), c-mycproto-oncogene (C-MYC),
and Lin-28 homolog A (LIN-28)"?and began secing
colonies that were morphologically compact and
refractile at approximately day 16. Manual picking of
TRA-1-81" colonies was initiated around day 20 for
expansion into feeder-free culture (Supporting Fig.
S2A). The 3040-iPSCs demonstrated immunoreactiv-
ity with pluripotence markers TRA-1-81 (Podocalyxin
carbohydrate binding antibody 1-81) and Ulex euro-
paeus agglutinin-1 (UEA1) (Supporting Fig. S2B),
TRA-1-60  (Podocalyxin  carbohydrate  binding
antibody 1-60), stage-specific embryonic antigen 4
(SSEA4), Oct4, and Sox2, while being negative for
SSEA1 (Supporting Fig. S2C). We confirmed that
the reprogrammed cells were still karyotypically normal
(Supporting Fig. S1B), and DNA fingerprinting (not
shown) established that the 3040-iPSCs originated
from the parent GMO03040 fibroblasts. Histologic
examination of harvested teratomas confirmed 3040-
iPSC pluripotence with differentiation into derivatives
of all three germ layers in vivo (Supporting Fig. 2D).
Most LDLR are found on liver hepatocytes and are
primarily responsible for LDL regulation(S); therefore,
we wanted to confirm 3040-iPSC capability to differ-
entiate toward HLCs. Following a described five-stage
protocol,1%??  3040-iPSCs showed expression of
stage-specific markers after completion of each differ-
entiation stage, as demonstrated by quantitative PCR
(Supporting Fig. S3A; Supporting Table S1). As we
have shown,” 3040-iPSCs undergo differentiation as
demonstrated by progression of expression of pluripo-
tence marker OCT4 at stage 0, definitive endoderm
marker SOX17% in stage 1, hepatic lineage specifica-
tion as indicated by expression of hepatocyte nuclear
factor 4a in stages 2-5, the early hepatocyte marker
alpha fetal protein®” beginning in stage 2, and stan-
dard albumin®” expression initiated during stage 3.
To examine protein expression, we differentiated
3040-iPSCs to the end of stage 4 and used immunocy-
tochemistry for detection of commonly associated
hepatocyte markers, albumin, alpha fetal protein, and
cytokeratin 18 (Supporting Fig. S3B).1*? Hepato-
cytes exclusively express a transporter organic anion
transport protein in their basolateral membrane that is
used by bilirubin. Indocyanine green (ICG) is an anion
that is taken up by hepatocytes and excreted into the
bile canaliculi.?” We tested 3040-HLC functionality
by an ICG exclusion assay and found that 3040-HLCs
demonstrated the ability to take up and clear ICG dye
within 24 hours (Supporting Fig. S3C). These data
confirm that the reprogrammed GMO03040 FH
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fibroblasts are pluripotent and can specifically differen-
tiate to functioning HLCs.

CORRECTING THE
HOMOZYGOUS 3-NUCLEOTIDE
LDLR DELETION IN 3040-iPSCs
WITH CRISPR

Our laboratory has previously restored physiologic
function of the LDLR in FH-iPSCs, using an epi-
somal transgene; however, plasmid retention is com-
promised without continuous antibiotic selection.!”
We opted to use CRISPR/Cas9 to permanently cor-
rect the 3-bp pathogenic deletion in the 3040-iPSCs.
A schematic outline of our genome editing approach is
presented in Fig. 2A. Using the MIT CRISPR Design
Tool (crispr.mit.edu), we input the exon 4 LDLR
sequence of the FH patient for identification of
sgRNAs. Thirteen possible sgRNAs were found that
could be used with wild-type Cas9 and that were
arranged in suggested pairs for use with Cas9n. We
used the Cas9n with a pair of offset sgRNAs because
this grouping had been successful in facilitating specific
genome editing in human cells.*” The double-offset
nicking approach has also shown a higher likelihood of
torcing HDR to improve specific repairs and reduce
off-target mutations. Our guide pairs (sgRNA1 and
sgRNA9) were selected based on Ran et al. crite-
ria.?"3 The guides generate 5" overhangs with a + 2
offset and create at least one nick within 6 bp of the
target mutation site to increase the probability of
HDR.?"*" HDR requires a repair template for the
DNA to use and precisely modify the genome. 2429
We designed an antisense ssODN template with right
and left 50-bp homology arms surrounding the dele-
tion in exon 4 of LDLR. The repair template con-
tained the deleted three nucleotides for inserting the
missing 3 bp (ACC) and silent mutations in the PAM
of sgRNA1 within the first 10 bp upstream of the
PAM site in sgRNA9 to minimize rebinding after
genome repair and to introduce a novel Xmnl restric-
tion site (Fig. 2B; Supporting Fig. S4A).212426)

We obtained Cas9n and sgRNA plasmids (Addg-
ene #60600 and #60601, respectively) deposited by the
Hotta Laboratory®” and cloned in our selected
sgRNA (Fig. 2A, step 1). The sgRNA plasmid con-
tains a red fluorescent protein (RFP) that can be used
to select for cells positively transfected with the
sgRNA. We opted to use double-fluorescence cell
sorting posttransfection rather than antibiotic selection
to potentially maximize the selection of transfected
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FIG. 2. CRISPR correction strategy. (A) Schematic of the
methods: ¥ 3040-iPSCs were transfected with 5 ué Cas9n, 5 ug
sgRNAI, 5 ug sgRNA9, and 5 ug ssODN, using ) a NEPA21
square-wave electroporator. ® Double-positive (GFP*/RFP™)
cells were selected for expansion by fluorescence sorting.
LDLR + cells were enriched by magnetic sorting and expanded
in culture. © Clones were isolated on laminin-521 + E-cadherin-
Fc substrate then © analyzed for correction of the LDLR by
RFLP, sequencing, western blot, and LDL internalization. (B)
Diagram of the CRISPR/Cas9 design to target the mutation site
of the LDLR. Paired single-guide RNAs (target 1 and target 9)
were selected to target the mutation site, and an ssODN tem-
plate was created to mediate HDR. The ssODN contains a 10-
nucleotide sequence (underlined) as a novel Xmnl restriction
enzyme site, additional silent mutations (red nucleotides) at the
PAM for sgRNA 1 or within 10 bp upstream of the PAM for
sgRNA 9 to prevent rebinding of guides and cleavage with
Cas9n following repair, and the 3-bp insertion (purple). (C)
3040-iPSCs were sorted for double-positive RFP and GFP cells
by FACS after transfection; 13.1% of cells were dual positive and
2.4% of the population was collected and expanded to increase
specificity of positively transfected cells. (D) MACS was per-
formed on the FACS-sorted 3040-iPSCs to enrich for LDLR™
expressing cells. Pre-MACS-sorted cells had a mix of both posi-
tive (green dots) and negative (red dots) LDLR™ cells. After
MACS sorting, a clear shift to the right showed 19.1% of
LDLR" cells were collected. Abbreviations: FITC, fluorescein
isothiocyanate; SSC-A, side-scatter.
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cells. The Cas9n plasmid deposited by Hotta was
modified to incorporate GFP into the vector. Before
transfection, we optimized the electroporation voltage
necessary for highest transfection efficiency, referenc-
ing the NEPA21 electroporator conditions by the
Hotta Laboratory®” (Supporting Fig. S4B). We then
transfected the 3040-iPSCs with 20 ug total nucleic
acids (5 ug Cas9n, 5 ug sgRNA1, 5 ug sgRNA9, and
5 nug ssODN) (Fig. 2A, step 2). After 48 hours, we
sorted for dual-positive (i.e., GFP and RFP) cells to
subculture only cells transfected with both Cas9n and
guide plasmids (Fig. 2A, step 3). We collected 2.4% of
the 13.1% population expressing both RFP and GFP
(Fig. 2C). Because we used two plasmids for each
guide, we could not guarantee that sorted cells con-
tained both guide plasmids for correction. To enrich
the population of double-positive transfected cells that
actually contained the 3-bp insertion, we treated the
culture with lovastatin to up-regulate LDLR expres-
sion and targeted the cell surface receptor for
magnetic-activated cell sorting (MACS) (Fig. 2A, step
4). Using a biotinylated-C7-LDLR antibody, we
enriched for LDLR™ cells within the bulk of the trans-
fected cells. We analyzed the percentage of LDLR™
cells collected (green dots) after MACS by
fluorescence-activated cell sorting (FACS). FACS
analysis showed a mix of LDLR" (green dots) and
LDLR"™ (red dots) before sorting (left box). After
MACS, we confirmed a collection of 19.1% LDLR™
cells or corrected cells with a clear shift of green dots to
the right (Fig. 2D). After expanding the bulk LDLR"
cells, we adopted the clonal isolation protocol devel-
oped by the Tryggvason Laboratory using laminin-521
and E-cadherin-Fc (fragment crystallizable) substrates
in mTeSR1-albumin media (Fig. 2A, step 5).6D
Using a clonal dilution approach, we initially plated
120 cells; after 7 days of culture, we identified 16 wells
with single colonies growing (empty and multicolony
wells were counted as null clones) for a cloning effi-
ciency of 13%. The clonal colonies were expanded for
analysis and cryopreservation.

Because we created a donor repair template that
contains a unique Xmnl restriction site (Fig. 2B; Sup-
porting Fig. S4A), we could use restriction fragment
length polymorphism (RFLP) analysis to check for
potential correction of the 3040-iPSC clones. Addi-
tionally, we could see if it was a homozygous or hetero-
zygous clone by band size (Fig. 2A, step 6). The
expected LDLR PCR product without any enzyme or
correction is 576 bp, as indicated by the 3040-iPSC
nontransfected control (Fig. 3A). A homozygous
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corrected clone would have two bands at 384 bp and
192 bp, while a heterozygous clone would also retain
the 576-bp band. RFLP of the first clone (3040-C)
tested indicated homozygous correction by the pres-
ence of only two bands of the correct size (Fig. 3A).
RFLP analysis of the other clones showed an addi-
tional nine homozygous corrections and six heterozy-
gous corrections (Supporting Fig. S5). To confirm the
RFLP results, we performed Sanger sequencing on all
clones. Four clones were found to be homozygous
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FIG. 2. (Continued).

corrected by sequencing; however, RFLP demon-
strated retention of the 576-bp band (clones 2, 3, 4,
11). We presumed these were indeed not clonal and
removed them from clonal consideration. For the total
12 clones, the RFLP and Sanger sequencing results
agreed. Interestingly, sequencing indicated that not
only did the heterozygous corrected clones (C12 and
C14) only correct a single allele but they also obtained
different indels in the noncorrected allele proximal to
the target sequence of sgRNA1s. In addition, our
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FIG. 3. Analysis of 3040-iPSC LDLR correction by CRISPR/Cas9. (A) RFLP analysis was used to determine 3040-iPSC correction
status by restriction digest with Xmnl. Nontransfected 3040-iPSCs showed no Xmnl cleavage (576 bp) in the presence or absence of
enzyme. 3040-iPSC clone 1 (3040-C) contained two bands at 384 bp and 192 bp in the presence of Xmnl, which remained uncut
(576 bp) without enzyme. (B) Sanger sequencing of 3040-C confirmed the permanent insertion of three nucleotides in exon 4 of the
LDLR in both alleles (purple box). Silent mutations (red line), including the novel Xmnl site (blue box), were also integrated into the
gene. Bold letters beneath red lines indicate original native nucleotide. Two silent mutations (green box) were introduced in only one
allele. (C) 3040-C-iPSCs and 3040-iPSCs were incubated overnight in lovastatin or excess sterols. Western blot (representative image,
C, 1) showed 3040-iPSCs respond with an up-regulation of an immature LDLR after treatment with lovastatin that is reduced with
excess sterols. 3040-C-iPSCs had almost no immature LDLR with lovastatin and increased mature LDLR. (C, ii) Quantification
(n =2 independent experiments) showed a 2-fold increase of mature LDLR in 3040-C (2.3¢6 * 1.9¢5) treated with lovastatin com-
pared to 3040 (1.1e6 * 4.5¢5). (C, iii) Immature LDLR was highly expressed in 3040 (3.8e6 * 6.7¢5) that was almost lost in 3040-C
(6.5¢4 = 6.3¢4). (C, iv) Mature/immature LDLR was over 30 times greater in 3040-C (35 = 3.1) than 3040 (0.3 = 0.6) in lovastatin
that was abrogated in excess sterols (1.4 = 1.5 and 0.3 £ 0.1, respectively). Bars shown as mean = SEM. (D) LDL internalization
showed 3040-C-iPSCs respond with an increased Dil-LDL internalization similar to control H1 cells that is almost nonexistent in
noncorrected 3040-iPSCs. LDL uptake is decreased with excess sterols. scale bars, 50 um. Abbreviations: Lova, lovastatin; rh, recom-
binant human; XS, excess sterols.
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selected clone (3040-C) was determined to be hetero-
zygous in two silent mutation points denoted by the
green box (Fig. 3B). From these successfully isolated
clonal colonies, our efficiency of homozygous correc-
tion from the final isolation of 10 (from 12) homozy-
gous corrected clones is 83%. Because sgRNA can
target multiple regions within the genome,®” we
investigated for off-target mutations. We selected
three nongenic and three genic regions identified by
the CRISPR Design Tool for both sgRNA1 and
sgRNA9 with the highest potential for off-targeting
(Supporting Table S2). Sequencing of 3040-C com-
pared to noncorrected 3040-iPSCs indicated no
changes in the selected regions of the genome (not
shown). While we were fortuitous in not detecting off-
targets within the highest selected regions, this may
not be the case with other targeted mutations. These
results illustrate that the three-nucleotide deletion was
homozygous corrected without additional mutations in

the homozygous FH-iPSCs.

DETERMINING LDLR FUNCTION
NORMALIZATION IN 3040-C-HLCs
AFTER GENETIC CORRECTION

Genomic mutations of the LDLR in FH patients
can vary from a single nucleotide change to large dele-
tions that will denote the patient into a certain

class.***? The 3-bp deletion in 3040-iPSCs are
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classified as class IIB FH-Piscataway because the
LDLR does not reach maturity and instead is retained
in the endoplasmic reticulum as an immature protein
that eventually is degraded by the proteosomal path-
way.?3832) After treatment with lovastatin, we
observed a robust induction of LDLR expression that
was primarily in the form of immature protein in the
noncorrected 3040-iPSCs (3.8¢6 * 6.7¢5 densitometry
units [DU]) but very little mature protein being
detected (1.1e6 = 4.5¢5 DU; Fig. 3C, i-iii). Excess
sterols down-regulated LDLR protein production in
these cells as expected (5¢5 = 2.7e5 DU). In contrast,
lovastatin treatment of the corrected 3040-C-iPSCs
showed a dramatic shift from predominantly immature
protein (6.5¢4 = 6.3e4 DU) to predominantly mature
protein (2.3¢6 £1.9¢5 DU; Fig. 3C, i-iii). Again as
expected, excess sterol treatment of the corrected cells
down-regulated LDLR protein expression (le4 = 2e4
DU). When comparing the ratio of mature to imma-
ture LDLR with lovastatin treatment, the corrected
cells (35* 3.1 DU) were more than 30-fold higher
than the noncorrected cells (0.3 0.6 DU; Fig. 3C,
iv), suggesting the CRISPR modification restored the
normal LDLR structure; this would allow LDLR to
proceed to the Golgi for processing and movement to
the plasma membrane. Comparing Dil-LDL internal-
ization under the same conditions with the human
embryonic stem cell line H1, noncorrected 3040-
iPSCs internalize very little Dil-LDL even with lova-
statin treatment (perhaps indicating that the function
of “mature” LDLR in these cells is questionable) (Fig.
3D). Confirming the results of the western blot, cor-
rected 3040-C-iPSCs bound and internalized Dil-
LDL when exposed to lovastatin, and this receptor-
mediated endocytosis was abrogated by excess sterols
to a comparable state to normal HI. These data
strongly support the complete genetic correction of the
LDLR pathologic mutation and normalization of
LDL-C receptor-mediated endocytosis.

The hepatocyte is responsible for production and
metabolism of cholesterol but is defective in FH;
therefore, we differentiated noncorrected and corrected
FH-iPSCs to HLCs to determine if receptor-
mediated endocytosis is corrected and functional in
HLCs. After differentiation, HLCs were treated over-
night with either lovastatin or excess sterols as before.
Fluorescence microscopy of 3040-C-HLCs is consis-
tent with 3040-C-iPSCs indicating an up-regulation
in Dil-LDL endocytosis relative to 3040-HLCs. The
H1-HLC control was similar to 3040-C-HLC:s (Fig.
4). Quantification of Dil-LDL fluorescence intensity
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FIG. 4. LDLR-mediated endocytosis is restored in corrected
3040-iPSC-derived HLCs. (A) Dil-LDL uptake was restored in
3040-C-HLC:s after treatment with lovastatin that was not obvi-
ous in 3040-HLCs. H1-HLC was used a control for normal
LDLR function. (B) Bar graph (n =2 independent experiments)
shows measured fluorescence intensity of Dil-LDL that corre-
lates with a 4-fold increase in Dil-LDL uptake in 3040-C-
HLCs (8.2 *+1.3) relative to 3040-HLCs (1.8 +0.8). Excess
sterols were normalized to 1 (H1, 1 +0.6; 3040, 1 = 0.5; 3040-
C, 1+0.7) and lovastatin (H1, 11 = 2; 3040, 1.8 = 0.8; 3040-C,
8.2 +1.3) normalized to excess sterols. Bars shown as mean *
SEM,; scale bars, 50 um.

showed 3040-C-HLCs (8.2 = 1.3 fluorescence inten-
sity units [FIU]) contained a substantially increased
fluorescence intensity compared to 3040-HLCs
(1.8 = 0.8 FIU; Fig. 4) that was comparable to H1-
HLCs (11 =2 FIU). For all three cell lines, excess
sterols reduced Dil-LDL binding and internalization
to a basal level. Taken together, these data demonstrate
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our CRISPR design successfully corrected the 3-bp
deletion, restoring LDLR protein and LDLR-
mediated endocytosis in the homozygous FH cells.

Discussion

The novel and important findings of this study are
that we have used CRISPR genome editing to perma-
nently correct a homozygous pathologic mutation in
patient-specific iPSCs. We have targeted a class IIB 3-
bp deletion in exon 4 of the LDLR that causes less
than 5% receptor activity. The successful insertion of
the missing 3 bp has permanently corrected the genetic
mutation and restored the physiologic feedback control
of receptor expression and cholesterol metabolism. We
developed an enrichment protocol to enhance the
probability of isolating corrected clones. The place-
ment of the guides with respect to the mutation site
likely made our cells more amenable to correction.
Double-positive sorting with GFP and RFP improved
selection of dual transfected cells, while MACS sorting
increased the yield of LDLR-expressing cells. Our sys-
tematic stepwise enrichment protocol allowed for the
final isolation of 10 (from 12) homozygous corrected
clones (83%). This procedure is likely adaptable to
identifying any corrected surface protein and is a
proof-of-concept that CRISPR technology can suc-
cessfully repair LDLR mutations causing FH.

The estimated prevalence of FH is 1:250 and
1:250,000 for heterozygous and homozygous FH,
respectively.®”3 It is not uncommon that receptor-
defective HoFH patients will present with clinically
symptomatic CVD even in the first decade of life.®% A
critical issue for these patients is early identification and
therapeutic intervention.”” Because FH is considered
underdiagnosed, screening has been proposed for new-
borns. For rare HoFH patients, lifestyle changes and
statin/ezetimibe therapy may be insufficient to achieve
target LDL-C levels.®® This requires more aggressive
treatment, including newly approved pharmacologics
(i.e., mipomersen, lomitapide), lipid apheresis, and even
liver transplant,®'? all of which have their own poten-
tial complications. It is also important to recognize that
newly approved proprotein convertase subtilisin/kexin
type 9 (PCSK9) inhibitors rely on LDLR expression
and have a questionable effect on receptor-negative
HoFH patients.®> This supports the need to develop
alternative approaches for treating HoFH.

Gene and cell therapies to restore cholesterol metab-
olism homeostasis in FH have been investigated for
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decades.®® Gene therapy to deliver an LDLR trans-
gene to the liver has evolved from retrovirus®” and
adenovirus®® to adeno-associated virus containing
liver-specific promoters.™® The first gene therapy clin-
ical trial using ex wivo LDLR-transduced autologous
hepatocytes showed some benefit to lowering LDL-C
but was halted due to variable metabolic results, in par-
ticular in receptor-defective homozygotes.**” A
phase 1/2 clinical trial using an adeno-associated virus-
based vector to deliver LDLR is currently approved
(NCT02651675). Virus-based gene therapy has dem-
onstrated a capacity to lower cholesterol levels in
hypercholesterolemic animal models,*” but issues
remain, including transgene persistence, vector delivery
efficiency, and lack of LDLR expression regulation
because of vector size limitations.™” With regards to
cell-based therapy for FH, multiple reports of liver
transplantation demonstrate the effectiveness of pro-
viding sufficient LDLR-normal hepatocytes to resolve
FH hypercholesterolemia.”'” However, liver avail-
ability is limited as are quality hepatocytes. Addition-
ally, transplanted hepatocyte engraftment is very poor
unless major insult to the liver is first performed.“"
Together, this demonstrates that issues of transgene
and cell delivery for treating HoFH have not been
completely solved.

CRISPR/Cas9 genome editing has been demon-
strated to be a relatively straight forward methodology
for creating mutations and for endogenous mutation
repair. It has specifically been used in animal models to
repair mutations in the dystrophin gene Dmd that
causes Duchene muscular dystrophy.®**? Pankowicz
and colleagues™” used CRISPR/Cas9 in a mouse
model of hereditary tyrosinemia type I to delete
hydroxyphenylpyruvate dioxygenase (Hpd), which con-
verted the animal to an asymptomatic tyrosinemia
type TIL. Jarrett et al.?? delivered CRISPR/Cas9 in
an adeno-associated virus to disrupt the LDLR and
cause hypercholesterolemia. They co-administered
CRISPR/Cas9 to also disrupt the apolipoprotein B
(Apob) gene, which rescued the hypercholesterolemic
phenotype. In a Chinese clinical trial directed by Lu
You, CRISPR was used to inactivate the T-cell pro-
grammed cell death protein 1 (PDI) gene; the inacti-
vated gene was then delivered back to the patient as a
treatment for metastatic nonsmall cell lung cancer.“”
The National Institutes of Health has now approved a
phase I trial for using CRIPSR-modified T cells in
cancer patients.**) Certainly, the immediate benefit of
CRISPR genome editing is rapid genetic modification
for molecular modeling. Long-term, although perhaps
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sooner than later, it may also prove of even greater
value for therapeutic applications.

CRISPR technology has also been used to modify
iPSCs.%%*) It can knock in reporters to specific loci,
create knockout models, and repair pathologic muta-
tions, as we have demonstrated here. The significance
of combining CRISPR genome editing with patient-
specific iPSCs is the ability to generate a completely
repaired autologous cell source with the potential to
differentiate to any cell lineage. It is widely recognized
that lack of therapeutic cell sources is one of the major
barriers to cell-based therapies, and this includes hepa-
tocytes to treat liver diseases.“”’ Here, we demonstrate
the ability to correct a homozygous deletion in the
LDLR and normalize receptor-mediated endocytosis
in patient-derived HoFH-HLCs.

The FH-iPSC used in our study is considered a class
IIB FH-Piscataway mutation. This 3-bp in-frame dele-
tion results in a missing Gly197 in the highly conserved
binding domain in exon 4 of the LDLR and is highly
prevalent in the Ashkenazi Jewish community originating
from Lithuania.® A class II mutation leads to an
improperly folded LDLR because the spacing between
cysteine residues becomes abnormal. The immature
LDLR is retained in the endoplasmic reticulum and
eventually degraded by the proteasome pathway.®® Once
corrected, it is expected that the immature LDLR expres-
sion will decrease as the LDLR will properly fold and
transition from the endoplasmic reticulum to the Golgi
for glycosylation to a fully mature LDLR before it is
transferred to the plasma membrane. Our western blot
with fibroblast cells (Fig. 1B) shows a very low level of
mature LDLR protein in IMR90 and no immature
LDLR in GMO03040. This could be because these are
fibroblast cell lines and do not express LDLR as hepato-
cytes do. Western blot of noncorrected 3040-iPSCs
treated with lovastatin shows very little mature and robust
immature protein expression resulting in a very small
mature/immature ratio of LDLR that is reversed in the
corrected FH-iPSCs. Curiously, the total LDLR protein
(immature + mature) was less in the corrected cells (Fig.
3C, i). The precise reason for this is unclear but is likely
the result of restoration of feedback regulation, increased
receptor recycling, and more efficient LDL-C processing.
Interestingly, the immature LDLR expression appears to
be uncontrolled protein production in the noncorrected
FH cells. Further investigation would be needed to deter-
mine if this is unique to a class II mutation.

What we have shown is a relatively efficient way to
fully correct a genetic mutation using Cas9n to reduce
chances of off-target mutations and sgRNA to mediate
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specific on-target cleavage. Intriguingly, only the hetero-
zygous corrected clones introduced indels into their
gene. In addition to candidate off-target sites, it is known
that other off-target modifications may occur in places
not predicted in the candidate list due to a variety of rea-
sons, including genomic and epigenomic properties that
may affect cleavage frequency; therefore, unbiased detec-
tion of off-target cleavage, such as whole genome
sequencing, is recommended and would be required
before any corrected cell would be delivered to a human
patient.*” Although CRISPR-corrected HoFH-HLCs
by themselves do not solve all cell/gene-based therapy
technical hurdles, they do provide a platform for autolo-
gous cell replacement with a permanent genetic correc-
tion to the underlying pathology. CRISPR-corrected
HoFH-HLCs could provide an unlimited source of
autologous hepatocytes that could be delivered directly to
the liver or engineered into a functional liver-like tissue
with sufficient cell mass to have a significant effect or
even restore LDL-C homeostasis.

These data validate the feasibility to use Cas9n, dual
sgRNA, and a repair template to conclusively amend a
genetic mutation in a homozygous FH cell line that
has the capacity to be derived into functional HLCs
and physiologically mediate LDLR endocytosis. In the
future, the use of CRISPR-edited iPSCs could be
tested in patients as is currently being performed in the
treatment of cancer. ¥
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